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a b s t r a c t
DMRT1 is a conserved transcription factor with a central role in gonadal sex differentiation. In all
vertebrates studied, DMRT1 plays an essential function in testis development and/or maintenance. No
studies have reported a role for DMRT1 outside the gonads. Here, we show that DMRT1 is expressed in
the paired Müllerian ducts in the chicken embryo, where it is required for duct formation. DMRT1mRNA
and protein are expressed in the early forming Müllerian ridge, and in cells undergoing an epithelial to
mesenchyme transition during duct morphogenesis. RNAi-mediated knockdown of DMRT1 in ovo causes
a greatly reduced mesenchymal layer, which blocks caudal extension of the duct luminal epithelium.
Critical markers of Müllerian duct formation in mammals, Pax2 in the duct epithelium and Wnt4 in the
mesenchyme, are conserved in chicken and their expression disrupted in DMRT1 knockdown ducts. We
conclude that DMRT1 is required for the early steps of Müllerian duct development. DMRT1 regulates
Müllerian ridge and mesenchyme formation and its loss blocks caudal extension of the duct. While
DMRT1 plays an important role during testis development and maintenance in many vertebrate species,
this is the ﬁrst report showing a requirement for DMRT1 in Müllerian duct development.
& 2015 Elsevier Inc. All rights reserved.
Introduction
In vertebrates, the female reproductive tract derives from the
Müllerian ducts, paired tubular structures that arise as part of the
embryonic urogenital system. The Müllerian ducts develop in both
sexes during embryo development. Following sexual differentiation
of the gonads, the ducts are then modiﬁed as part of the female or
male sexual development programme. In males, the Müllerian
ducts degenerates in a process controlled by the Anti-Müllerian
Hormone (AMH), produced by the developing testes. Females do
not produce AMH during embryonic life, and Müllerian ducts are
retained for further differentiation into the oviducts, uterus, cervix
and upper vagina. Proper development of the Müllerian ducts is
vital to female reproduction. In humans, up to 3% of births have a
female reproductive tract-related disorder. Many of these stem from
abnormal Müllerian duct development in the embryo, which can
result in several developmental disorders or infertility (reviewed in
Epelman et al. (2013), Layman (2013)). As Müllerian ducts initially
form in both sexes then regress in males, developmental defects can
be observed in both females and males. In male embryos, disruption
in AMH production or mutations in the AMH receptor result in
Persistent Müllerian Duct Syndrome (PMDS) (Josso et al., 2005),
which can lead to ectopic development of female reproductive tract
organs (Mullen and Behringer, 2014).
The Müllerian duct consists of a canalised epithelial tube (the
Müllerian Duct Epithelium; MDE), which is surrounded by a
mesenchyme (Müllerian duct mesenchyme; MDM). Externally
these tissues are covered by the coelomic epithelium (MCE). These
ducts form along the anterior–posterior axis of the embryo in
close proximity to the Wolfﬁan (mesonephric) ducts. Both the
MDM and MDE layers of the Müllerian duct originate from MCE
cells (Guioli et al., 2007; Orvis and Behringer, 2007). Development
of the Müllerian duct can be divided into three distinct stages—
initiation, invagination and extension. The initiation phase is
marked by thickening of the coelomic epithelium to form the
Müllerian ridge, which occurs concurrently along the entire length
of the mesonephros directly adjacent to the Wolfﬁan duct. The
ridge provides the source of cells and signalling factors required
for subsequent duct formation. The thickened MCE gives rise to
mesenchymal cells (MDM), through an epithelial to mesenchymal
transition (EMT). This process primarily occurs at the cranial pole,
but may also occur all along the length of the duct (Guioli et al.,
2007; Orvis and Behringer, 2007). Following this process, a subset
of progenitor MCE cells differentiate to form the founding cells of
the duct. These cells invaginate into the MDM to form the opening
of the duct lumen at the most anterior pole (reviewed in Mullen
and Behringer (2014), Jacob et al. (1999), Kobayashi et al. (2004)).
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In the extension phase, the MDM extends caudally, followed
closely by the MDE. In both mouse and chicken embryos, current
evidence suggests that the extension of both layers occurs by a
combination of elongation, proliferation and active migration
(Fujino et al., 2009; Guioli et al., 2007). The Müllerian ducts extend
with intimate proximity to the Wolfﬁan ducts, requiring their
presence to complete elongation. A midpoint breakage to the
Wolfﬁan duct causes a corresponding halt to Müllerian duct
extension (Gruenwald, 1941; Kobayashi et al., 2005; Orvis and
Behringer, 2007). It is thought that the Wolfﬁan ducts signals to
the Müllerian ducts via morphogens (Wnt ligands such as WNT9B),
guiding their caudal extension (Carroll et al., 2005). The Wolfﬁan
ducts do not contribute cells to the Müllerian ducts during its
formation (Guioli et al., 2007; Orvis and Behringer, 2007).
The developing Müllerian duct provides an ideal model system
for studying the molecular regulation of tubulogenesis. A number
of genes have been implicated in each distinct stage of Müllerian
duct formation, although their exact role is yet to be determined.
In the mouse, Lim1, Pax2, Pax8, Emx2 and Wnt-signalling compo-
nents are all highly expressed in the Müllerian ducts, and disrup-
tion of these genes results in ducts that are signiﬁcantly deformed
or completely absent (Deutscher and Hung-Chang Yao, 2007;
Kobayashi et al., 2004; Miyamoto et al., 1997; Philibert et al.,
2008; Torres et al., 1995; Vainio et al., 1999; Arango et al., 2005).
Lim1/Lhx1 is expressed in both the Müllerian and Wolfﬁan ducts,
and is essential for the proper development of the female
reproductive tract (Kobayashi et al., 2004; Orvis and Behringer,
2007; Pedersen et al., 2005). Loss of this transcription factor in
mice leads to a complete lack of Müllerian duct derived female
reproductive structures (Kobayashi et al., 2004) which may in part
be a result of loss of the Wolfﬁan ducts. Nevertheless, conditional
knockouts suggest a cell autonomous role for Lim1 in Müllerian
duct cell survival, proliferation and extension (Huang et al., 2014).
The Wnt4 ligand is expressed in the mesenchyme of the duct, and
it is important for tubulogenesis and caudal extension (Arango
et al., 2005; Cai, 2001; Klattig and Englert, 2007; Kobayashi et al.,
2004; Philibert et al., 2008; Vainio et al., 1999). Several other Wnt
ligands also play a role (reviewed in Christopoulos et al. (2009)),
such as Wnt9 expressed in the Wolfﬁan duct, which is itself
essential for Müllerian duct extension (Carroll et al., 2005). It is
thought that in mice, Wnt-signalling activates Pax2 in the MDE
(Cai, 2001; Klattig and Englert, 2007; Torres et al., 1995). Pax2 itself
is required for maintenance of the Müllerian duct, potentially
through its actions in the Wolfﬁan ducts. Pax2 knockout mice
possess only the uppermost parts of the Müllerian (and Wolfﬁan)
ducts (Torres et al., 1995).
The chicken provides an excellent model to study many aspects
of urogenital system development, including Müllerian duct for-
mation (Ayers et al., 2013; Cutting et al., 2014; Guioli et al., 2007).
The cellular processes involved in Müllerian duct formation are
largely conserved among mammals and chicken. In mice, Müller-
ian ducts begin forming at around embryonic day 11–12. In
chickens, initiation phase starts with the appearance of the
Müllerian ridge, which forms at stage 19 (Hamburger and
Hamilton, 1951), chicken embryonic day (E) 3.0-3.5 (Jacob et al.,
1999; Kobayashi et al., 2004). The invagination phase starts around
stage 24 (E4.5), and the subsequent extension phase lasts until the
Müllerian ducts reach the cloaca by around stage 28–30 (E6.0-
7.0). As in mammals, regression of the Müllerian ducts in males is
mediated by AMH, which is expressed by developing gonads.
However, unlike in mammals, the right gonad and Müllerian duct
also regress in the female chicken embryo. This is mediated via
asymmetric expression of the PITX2 gene (Guioli and Lovell-Badge,
2007; Guioli et al., 2014; Hoshino et al., 2005). AMH is expressed
at low levels in the gonads of female chicken embryos, where it
may be required for regression of the right female duct (Oreal
et al., 1998; Takada et al., 2006). We recently described the AMH
type II receptor in chicken, which is expressed in gonads and
developing Müllerian ducts of both sexes (Cutting et al., 2014).
In vertebrate embryos, the conserved transcription factor
DMRT1 shows male-biased expression in urogenital systems of
all species examined, including ﬁshes, amphibians, birds and
mammals. DMRT1 plays a central role in testis development and
function. In the mouse, DMRT1 is required for the maintenance of
male fate in the testis. It is also essential for germ cell differentia-
tion in males and regulates meiosis in both males and females
(Matson et al., 2011; Minkina et al., 2014; Raymond et al., 2000;
Zarkower, 2013). In ﬁsh, dmrt1 expression has been reported in the
gonads of about 20 species where it consistently shows higher
expression in the male (reviewed in Herpin and Schartl (2011)).
Dmrt1 can also play a key role in testis development in ﬁsh. In the
Medaka (Oryzias latipes), the Y chromosome-linked dmrt1 homo-
logue, dmy, is a male sex-determining gene (Masuyama et al.,
2011; Matsuda et al., 2002, 2007; Nanda et al., 2002). Similarly, in
Xenopus laevis, autosomal DMRT1 plays a role in testis formation
and a sex-linked dominant-negative form of DMRT1 (DM-W)
represses its activity in females (Yoshimoto et al., 2008). In birds,
DMRT1 is present on the Z sex chromosome, which is present in
two copies in males (ZZ) and one in females (ZW). This double
dose of DMRT1 in males is linked to testis development, and
knockdown of DMRT1 induces feminisation of male gonads.
Conversely, over-expression of DMRT1 in the female gonads
causes masculinisation and upregulation of testis genes
(Lambeth et al., 2014; Matson et al., 2011; Minkina et al., 2014;
Smith et al., 2009). DMRT1 is currently thought to induce Sertoli
cell differentiation in the avian embryo, and as such, likely
operates as the master testis determinant.
While DMRT1 is clearly essential for proper testis development
among vertebrates, no studies have reported a role outside the
gonads. In chicken embryos, DMRT1 expression has been reported
in the Müllerian ducts (Omotehara et al., 2014; Raymond et al.,
2000; Smith and Sinclair, 2001). However nothing is known about
its potential role in Müllerian duct formation and function. Here
we show that DMRT1mRNA and protein are expressed in the early
forming Müllerian ridge and subsequently in the MCE and MDM
during development in the chicken embryo. Knockdown of DMRT1
in these cells results in a failure of the Müllerian duct to form.
MDM is blocked, and there is a loss of the duct mesenchyme
marker, WNT4. Caudal extension of the duct also ceases, evident
both histologically and by a reduction of MDE markers such as
PAX2. These results indicate that DMRT1 plays a role in the initial
steps of duct formation, speciﬁcally the establishment of the
Müllerian ridge and MDM, disruption of which subsequently cause
a failure in duct extension.
Results
DMRT1 is expressed in the chicken Müllerian ducts during
development
To assess the potential role of DMRT1 in the development of
the Müllerian ducts, its expression was evaluated using whole
mount in situ hybridisation (WISH) in embryonic chicken urogen-
ital systems (UGS). DMRT1 expression was assessed at E4.0, E5.5,
E6.5 and E9.5 (HH stages 24, 27, 30 and 35) in both males and
females (n¼3 for each sex, at each stage). DMRT1 mRNA was
detected in the Müllerian ridge from E4.0, in both sexes (Fig. 1A–
d), and in the gonads from E5.5 (Fig. 1 arrowheads). At the earliest
stages assayed (E3.5 data not shown, and E4.0, Fig. 1A–d), DMRT1
mRNA was expressed along the entire length of the Müllerian
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ridge, the area of the coelomic epithelium that thickens through
cell hyperplasia, as the ﬁrst sign of Müllerian duct formation
(Guioli et al., 2007; Orvis and Behringer, 2007). Expression
increased as the ridge thickened (Fig. 1b and d). At stage 27–28
(E5.5), DMRT1 positive MDM was detected along the A–P length
of the extending Müllerian duct, and the DMRT1 negative lumen
extended caudally (Fig. 1E–h). The MDM eventually surrounds the
lumen (Fig. 1I–l). Although cells of the MDM and MDE both
originate from the coelomic epithelium (Guioli et al., 2007), the
MDE was always negative for DMRT1 expression (Fig. 1j, l and p).
By stage 35 (E9.5), the extension phase is complete in both
sexes, and the ducts in the male had regressed considerably
(Fig. 1M and n). At this stage, the expression of DMRT1 in the
MDM had reduced substantially in both sexes (Fig. 1M–p), and
only a ﬂattened squamous epithelium (the MCE) expressing
DMRT1 remained (Fig. 1n and p).
The robust DMRT1 mRNA expression in the MCE and MDM in
both sexes, and its later down-regulation once duct extension was
complete, points to a role for DMRT1 in the development of the
Müllerian ducts. Early expression of DMRT1 in the Müllerian ridge
and MDM indicate that it has a role in the formation or prolifera-
tion of these tissues. A previously validated DMRT1 antibody
(Smith et al., 2009) was used to ﬁnely dissect the spatial and
temporal expression of DMRT1 protein in the developing Müller-
ian ducts. At E3.5, an area of coelomic epithelium corresponding to
the Müllerian ridge (which forms over the Wolfﬁan duct) already
appeared thickened (Fig. 2A and B brackets). These cells seemed
cuboidal rather than squamous (Fig. 2A and B). At this stage,
DMRT1 protein was detected in a subset of these cuboidal cells
(Fig. 2A arrow) in the male. In the female robust DMRT1 was not
detected in these cells until E4.5 (Fig. 2B vs. D). By E4.5, the
number of DMRT1 positive cells increased in both sexes as the
Fig. 1. DMRT1 is expressed in the developing Müllerian ducts in the chicken embryo. DMRT1 expression in the male and female Müllerian duct during development, as
assayed by whole mount in situ hybridisation (WISH) using an antisense probe. In both sexes from embryonic day 4 (E4), DMRT1 is expressed in the coelomic epithelium (CE)
in particular in the thickening Müllerian ridge (CE/MR) (males A, b, and females C, d). DMRT1 is weakly expressed in the underlying Wolfﬁan duct (WD) (A–d) in early stages,
which is lost in later stages. From E5.5, DMRT1 continued to be expressed in the CE, and in the Müllerian duct mesenchyme (MDM), but not in the Müllerian duct epithelium
(MDE) that surrounds the lumen (E–l). At E9.5, DMRT1 expression is maintained in the coelomic epithelium, but expression is down-regulated in the MDM (M–p). In the
female DMRT1 expression is lost even as the MDM expands and the duct progresses (O, p), while in the male the duct regresses (M, n). Both left and right (not shown) ducts
exhibit similar expression patterns. Dotted lines refer to the region sectioned and displayed below. In (A) the box refers to enlargement displayed to the right. DMRT1mRNA
was also expressed in the gonads (arrowheads).
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Müllerian ridge thickened. Overall, expression appeared stronger
in the male at these earlier stages (Fig. 2C and D). Some background
(non nuclear) staining of DMRT1 was occasionally observed in the
underlying Wolfﬁan duct, although this staining was not consistent.
DMRT1 protein expression extended to the MDM as these cells
arose and proliferated from E5.5 (Fig. 2E–H). Consistent with the
Fig. 2. Time-course of DMRT1 protein expression in developing Müllerian ducts. The ﬁrst morphological sign of Müllerian duct formation is thickening of the coelomic
epithelium overlying the ventrolateral aspect of the mesonephros at embryonic day 3.5 (HH stage 19). At this stage, a few DMRT1 positive cells can be detected in the
thickening coelomic epithelium (A, B arrow), which corresponds to the Müllerian ridge that forms above the Wolfﬁan duct (WD) (see brackets in A–D). This is stronger in the
male compared to the female (A vs. B). By day 4.5 (stage 25), the coelomic epithelium continues to thicken, characterised by epithelial cells that show more widespread
DMRT1 expression (C, D arrows, and cells within brackets). At day 5.5 (stage 28), the coelomic epithelial cells delaminate and give rise to mesenchyme cells, which encircle
the forming inner Müllerian duct epithelium (E, F). Both coelomic epithelium and proliferating mesenchymal cells express DMRT1. Expression peaks at day 6.5 (stage 31),
when DMRT1 protein is widespread in the forming duct. As in the gonads, DMRT1 expression is stronger in males compared to females (G, H). By day 9.5 (stage 34), the male
ducts show signs of regression, while the female ducts are well developed. In both sexes, DMRT1 expression declines in the mesenchyme, and is retained in the ﬂattening
coelomic epithelium (I, J). (K) DMRT1 expression is never detected in the inner Müllerian duct epithelium (MDE), which surrounds the lumen. It is expressed in the coelomic
epithelium (CE) and Mesenchyme (MDM). The MDE is delimited by staining by Fibronectin (L) and stained by β-catenin (M).
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DMRT1 mRNA data, DMRT1 protein became reduced from E9.5
(Fig. 2I and J), and staining was lost in the right duct before the
left. DMRT1 did however continue to be detected in the MCE that
surrounds the Müllerian duct (Fig. 2I and J). DMRT1 was always
absent in the MDE (Fig. 2K), which was delineated by Fibronectin
staining (Fig. 2L), and expression of β-catenin (Fig. 2M). These
results are consistent with DMRT1 playing a role in Müllerian duct
formation. Given that DMRT1 is expressed during thickening of the
coelomic epithelium to form the Müllerian ridge, and that DMRT1 is
most strongly expressed in the MDM, we postulated that DMRT1 is
required for these early steps of Müllerian duct formation.
Genes involved in Müllerian duct development are conserved in the
chicken
To assess the development of the Müllerian ducts in the
chicken, and to identify appropriate markers for the different cells
types (MCE, MDM and MDE), the expression patterns of WNT4,
PAX2 and LIM1 were examined (3 females and 3 males for each
stage and each probe was examined). WNT4 mRNA was expressed
strongly in the Müllerian ridge and subsequently in the MCE from
E4.5, in both sexes (Fig. 3A–h, and data not shown).WNT4was also
expressed in the MDM, in both sexes until at least E8.5 (Fig. 3B–h).
The same expression pattern occurs in the mouse embryo
(Kobayashi et al., 2004, 2011; Kobayashi and Behringer, 2003).
WNT4 is co-expressed with DMRT1 in the Müllerian ridge and
afterwards in the MCE and MDM, and is therefore an appropriate
marker for the development and proliferation of these tissue
layers. PAX2 (Fig. 3I and m) and LIM1 (Supplementary Fig. 1)
showed strong expression in the MDE from E6.5 as it extended
caudally (Fig. 3J–p). Some expression was seen in part of the
Müllerian ridge and the MCE (Fig. 3n–p). PAX2 mRNA was also
observed in the underlying Wolfﬁan ducts (Fig. 3I–p), which is
consistent with mammalian studies (Kobayashi et al., 2004; Torres
et al., 1995). Both PAX2 and LIM1 are therefore appropriate
markers for MDE and Müllerian duct lumen formation and
extension. Therefore, the expression of WNT4, PAX2 and LIM1,
the signalling factors responsible for Müllerian duct development
in mammals are conserved in the chicken. This indicates that the
role of these genes is conserved, and that these can be used as
markers to assess the role of DMRT1 in the formation of the
Müllerian ducts in the chicken embryo.
Electroporation with the Tol2-Transposase system allows speciﬁc
targeting of the Müllerian duct
In a novel technical advance, we have recently shown that
electroporation can be used to target speciﬁc tissues in the devel-
oping chicken urogenital system, including the gonads (Lambeth
et al., 2014). Electroporation of a construct with Tol2 transposable
elements (carrying a gene or short hairpin RNA of interest), together
with transposase, into the coelomic cavity allows highly efﬁcient
targeting of the coelomic epithelium. We are therefore able to
target derivatives of these cells, including the gonadal interstitium
and MCE, MDM and MDE of the Müllerian duct (Fig. 4A–D and data
not shown).
In the embryonic chicken urogenital system, DMRT1 is
expressed in both the medullary cords of the gonads (where it
has a masculinising role) (Smith et al., 2009), and in the Müllerian
ducts. Given that the fate of the Müllerian ducts is largely
controlled by gonadal factors (such as AMH, expressed by Sertoli
cells), we aimed to speciﬁcally knockdown DMRT1 in the Müllerian
ducts without affecting gonadal DMRT1 expression and gonadal
sex development. Electroporation of Tol2.GFP reporter constructs
showed that only the gonadal interstitial cells are targeted (no co-
expression with the Sertoli cell marker SOX9 was observed
(Fig. 4E–G)). Thus, as DMRT1 is not expressed in the gonad
interstitium, knockdown is limited to DMRT1 expressed in the
Müllerian duct and does not affect Sertoli cell expression of
DMRT1. In addition, by electroporating the coelomic epithelium
unilaterally, the contralateral side serves as a control (Fig. 4A).
Efﬁcient knockdown of DMRT1 in the Müllerian duct by
electroporation of Tol2-vectors
To assess the role of DMRT1 in Müllerian duct development, its
expression was knocked down using Tol2 delivered RNA inter-
ference. Effective knockdown of DMRT1 using a short-hairpin RNA
(shRNA 343) has been previously described and validated, where
global expression from an avian viral vector led to gonadal sex
reversal Using this speciﬁc shRNA343 sequence, DMRT1 knock-
down of over 85% can be achieved (Smith et al., 2009). To analyse
the role of DMRT1 speciﬁcally in the Müllerian duct, the sh343
expression cassette was cloned into the Tol2-GFP vector for
transposase-mediated genomic integration. The sh343 shows
effective knock down via the Tol2 vector when co-transfected into
chicken DF1 cells with a DMRT1 expression vector (Supplementary
Fig. 1A and B). To assess DMRT1 knockdown in vivo, electropora-
tion of the pT2.sh343 construct into the left coelomic epithelium
was performed as described (Materials and methods), and whole
urogenital systems dissected for sectioning and staining with anti-
DMRT1 antibody. Cells in which the knockdown construct had
integrated were marked by GFP reporter expression, and showed a
loss of MRT1 inD the nucleus (Supplementary Fig. 1C–E). Impor-
tantly, although the interstitial cells of the gonad were often GFP
positive, no sign of gonadal sex reversal was observed in males
(Fig. 5e, and Fig. 7A), since the shRNA was not delivered to the
critical DMRT1-positive Sertoli cell lineage using this method.
DMRT1 is required for Müllerian duct development
Müllerian duct development starts with thickening of the
coelomic epithelium adjacent to the Wolfﬁan duct, marking
formation of the Müllerian ridge. Following this process, a subset
of these cells undergoes EMT to form the MDM and MDE.
To determine the effect of DMRT1 loss on Müllerian ridge, MDM
and MDE, pT2.sh343 was electroporated into the left coelomic
epithelium and tracked by the GFP reporter expression (Fig. 5A).
Electroporation efﬁciency and knockdown varied between embryos,
but extensive targeting of the primordial duct was frequently
achieved and an effect on Müllerian duct development was
observed. A typical example in which DMRT1 mRNA expression
was ablated in part of the left Müllerian duct (assayed at stage 30) is
shown in Fig. 5B. Normal levels of DMRT1 expression were evident
in non-electroporated right ducts (Fig. 5B). GFP reporter expression
correlated with localised loss of DMRT1 expression, and in the
majority of embryos that showed good GFP expression we saw a
reduction in DMRT1 (Total embryos dissected¼30, GFP in Müllerian
ducts¼15. 12 showed a decrease in DMRT1 expression). The ante-
rior most region of the ducts not targeted knockdown showed
normal Müllerian duct development bilaterally (Fig. 5Bi), with
robust DMRT1 expression in the mesenchyme and MCE. In the
mid section of the electroporated left duct, in which DMRT1
expression was lost, there was a failure in duct formation
(Fig. 5Bii). These regions completely lacked DMRT1, and the MDM
and MDE were absent. A Müllerian ridge was present, however it
appeared reduced in size (Fig. 5Bii). On the contralateral (right) side,
where DMRT1 expression is not affected, the duct developed
normally (Fig. 5Bii). At the posterior-most part of the duct, GFP
expression was absent, DMRT1 knockdown was not observed, and
Müllerian ridge formation was normal (Fig. 5Biii). The MDM and
MDE have not yet extended this far. These data suggest that DMRT1
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Fig. 3. Expression of Müllerian duct markersWNT4 and PAX2 during development.WNT4 mRNAwas expressed in the CE (MR¼Müllerian ridge) and MDM from E4.5 onwards (A–D,
e–h), in both females andmales.WNT4 continued to be expressed in themesenchyme (MDM) as the duct regresses in males (C, g). It was not expressed in the lumen epithelium during
development (E–h). PAX2mRNAwas expressed in the CE from E4.5 in both sexes (I,m), and was expressed in theMDE from E6.5 (J–p). PAX2 continued to be expressed in a subset of CE
cells, and also in the Wolfﬁan duct (WD). (Q, R, u) LIM1 showed expression in the Wolfﬁan ducts in females and males (not shown) from E4.5. (R) From E6.5 onwards LIM1 showed
expression in theMDE that surrounds the lumen (v). Similar expressionwas seen in both sexes (data not shown). (S, T,w, x) LIM1 expression continues until E8.5 when the ducts have
begun to regress in males and are well developed in females. (v, w, x) Expression is only seen in the MDE and in the Wolfﬁan ducts, with some weak expression in the CE.
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is required locally for the formation of the Müllerian ridge and duct.
Speciﬁcally, loss of DMRT1 dramatically affects thickening of the
ridge and subsequently MDM and MDE formation. No effects on
the formation of the Wolfﬁan duct were observed (Fig. 6 and
Supplementary Fig. 3), consistent with speciﬁc expression of
DMRT1 in the Müllerian ducts. No effects on DMRT1 expression,
Müllerian ridge, MCE or MDM development were observed when a
scrambled, non-silencing hairpin was electroporated (Fig. 5C–e), or
pT2-GFP alone (Supplementary Fig. 3).
DMRT1 is required for formation of the Müllerian duct mesenchyme
In many cases where DMRT1 loss was observed a complete loss
of MDM was also observed. This was seen even when a reduced or
unaffected Müllerian ridge remained in areas of incomplete knock-
down (Fig. 6A). This suggests that DMRT1 is required for the
formation of the mesenchyme. To further investigate this phe-
nomenon, WNT4 mRNA expression was examined as a marker for
the MDM (and Müllerian ridge) in the DMRT1 knockdown. WNT4
expression in the MDM was lost when DMRT1 expression was
reduced (Fig. 6B–d and Supplementary Fig. 2E–h) (total GFP-
positive UGS examined¼6. Loss of Wnt4 expression¼5), indicat-
ing a loss of MDM cells. The loss of MDM varied among specimens
(Supplementary Fig. 2A–l), and that this correlated with the level
of DMRT1, with the least MDM seen in areas of lowest DMRT1
expression. No effects on WNT4 expression or MDM development
were observed when a control pT2-scrambled shRNA (Fig. 6E–g) or
pT2-GFP alone (Supplementary Fig. 3C and D) was electroporated.
DMRT1 loss affects caudal extension of the Müllerian duct
In many cases knockdown of DMRT1 prevented caudal exten-
sion of the Müllerian duct (Fig. 7A and B). The MDM, MDE and
lumen were absent in DMRT1 negative areas (Fig. 5Bii), and a clear
demarcation separated the duct that had formed from the GFP-
positive coelomic epithelium with knockdown (Fig. 7 A and B
arrowhead). Other specimens had deformed ducts that partially
extended through the GFP positive area, with clear formation of a
lumen, but with a very thin MDM (data not shown). To further
investigate this phenomenon, the PAX2 marker was examined.
PAX2 is normally expressed in the MDE (Fig. 3). DMRT1 knockdown
caused a reduction or complete loss of PAX2 expression (Fig. 7C–e)
(total GFP-positive UGS examined¼8, signiﬁcantly reduced
PAX2¼5). Indeed, little or no MDE was present in these areas
(Fig. 7D–e), compared to the un-manipulated right duct (see also
Supplementary Fig. 2I–l). This suggests the absence of PAX2 is due
to cessation of MDE formation/extension, rather than a loss of
PAX2 from MDE cells themselves. PAX2 expression was still evident
in the underlying Wolfﬁan duct on both sides (Fig. 7C–E and
Supplementary Fig. 2I–l), showing that aberrations in Müllerian
duct formation are not a result of Wolfﬁan duct defects. In
addition, some PAX2 expression remained in left electroporated
Müllerian duct (Fig. 7C–E and Supplementary Fig. 2k, arrows),
which appeared to be residual thickened coelomic epithelium.
This suggests that development of the duct is blocked at the
thickened Müllerian ridge stage, and that loss of DMRT1 expres-
sion interrupts either the thickening of these progenitor cells or
the progression to MDM formation. No effect on PAX2 expression
was observed when the control scrambled shRNA (Fig. 7F–H) or
pT2-GFP alone (Supplementary Fig. 3E and F) was electroporated.
Taken together, our results indicate that loss of DMRT1 expression
speciﬁcally causes a failure in formation of the MDM from the
Müllerian ridge. MDM is required for the caudal extension of the
MDE and the duct lumen, and when DMRT1 is lost, a reduction in
MDM abnormally terminates this process.
Discussion
The data presented here show that DMRT1 is expressed in the
developing Müllerian duct of chicken embryos, where it is
required for normal differentiation of the duct. Expression of
DMRT1 was ﬁrst observed in a small subset of coelomic epithelial
Fig. 4. Speciﬁc targeting of the Müllerian duct using electroporation and the Tol2-Transposase system. Tol2-GFP electroporated with transposase allowed targeting of the left
or right Müllerian duct (A). This resulted in expression in the CE and the MDM (MDM) of the targeted duct (B–C), and this expression continued throughout duct
development. Tol2 electroporation only targets the interstitial cells of the gonad (shown in E–G arrowheads) allowing us to use this system in the Müllerian duct while
avoiding knockdown in the DMRT1-positive Sertoli cells in the testis (marked by SOX9, in F, G). Dashed lines indicate the level of sectioning.
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cells at E3.5 in cuboidal-like cells, which correspond to the
Müllerian ridge. At E3.5 this region is somewhat thickened
through hypertrophy, and DMRT1 expression can be detected at
the transcript and at the protein level. At these early stages it
appears that DMRT1 expression is higher in the male than female.
Indeed, as in the gonads, the lack of complete dosage compensa-
tion of the Z chromosome may result in an increased initial
expression of DMRT1 in male Müllerian ridge/ducts at early stages,
compared to females. Following this stage, DMRT1 is expressed
robustly in the MCE and in the MDM in both sexes. Expression is
reduced after the duct develops (i.e., by E9.5), when the duct is
regressing in males, and in females is fusing with the cloaca to
form the reproductive tract (oviduct) in females. DMRT1 and its
homologues are involved in the gonadal differentiation pathways
across metazoan species (Zarkower, 2013). However, to date,
chicken is the only species in which DMRT1 is known to be
expressed in the Müllerian ducts. The expression data described
here are supported by our previous observations in chicken
(Omotehara et al., 2014; Raymond et al., 1999; Smith and
Sinclair, 2001). Dmrt1 is not expressed in embryonic mouse
Müllerian ducts (Raymond et al., 1999). Nor is it expressed in the
embryonic ducts of those reptiles and amphibians examined
(Shoemaker et al., 2007). This implies that the requirement of
DMRT1 for Müllerian duct formation is an avian-speciﬁc phenom-
enon. It is possible that another DMRT gene plays this role in other
organisms, something that should be investigated.
Fig. 5. DMRT1 Knockdown inhibits development of the MD. A typical example of DMRT1 knockdown by electroporation of the pT2-GFP-U6-sh343 construct into the left
coelomic epithelium (A). Expression is marked by GFP and a loss of DMRT mRNA expression was observed in all cases (B). Müllerian ducts developed normally in areas that
did not express the DMRT1 knockdown construct, but were disrupted or inhibited in areas of sh343 (GFP) expression (B). Analysis of sections through areas GFP/DMRT1
knockdown areas and negative areas (dotted lines) showed that in caudal areas of strong DMRT1 knockdown, the coelomic epithelium does not thicken, and the Müllerian
ridge is reduced (Bii left, arrow), whereas in the right control the coelomic epithelium showed normal thickening (Bii right). Anterior to this, where DMRT1 levels were
normal the duct developed normally on both sides (Bi), whereas posteriorly where DMRT1 expression was also normal but where the duct was yet to extend, normal
thickening of the Müllerian ridge was observed (Biii). No changes to duct development were observed when a scrambled/non-silencing shRNA was used (C, D), and sections
show DMRT1 levels were normal on both sides (e). Dashed lines correspond to sectioned regions. L, left duct. R, right duct. G, gonads. Arrowhead show gonads. Embryos are
E6.5-E7 (stage HH 30–31).
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Electroporation of GFP-expressing constructs into the coelomic
epithelium conﬁrms previous reports that the Müllerian ducts
derive from this tissue in chicken embryos (Guioli et al., 2007).
Proliferating coelomic epithelium gives rise to the Müllerian ridge,
MDM, and the MDE – all of which showed GFP expression in our
hands, although in most cases MCE and MDM were more robustly
targeted than the MDE. This indicates the embryonic stage of
targeted embryos may be important – as suggested previously
(Guioli et al., 2007). The Targeted region most likely plays a role too,
as MDE cells are thought to derive from the most anterior coelomic
epithelium (Guioli et al., 2007; Orvis and Behringer, 2007). Never-
theless, because DMRT1 was only expressed in the MDM and MCE
cell types, targeting the coelomic epithelium was very effective.
Knockdown of DMRT1 in the Müllerian duct caused both a
reduction in Müllerian ridge thickening and a severe reduction in
the mesenchymal (MDM) cell population (shown by DMRT1 and
WNT4 expression). DMRT1 is expressed very robustly in the MDM
and MCE. In some cases, a loss of DMRT1 blocked development of
the duct at the Müllerian ridge stage, whereas on the control side
the duct developed to have a thick MDM surrounding the thinner
MCE. This effect was dependent on the levels of knockdown (often
correlated with GFP levels), and we often saw a reduction of Wnt4
rather than a complete loss. Mesenchymal cells originate from the
Müllerian ridge through EMT, therefore the reduction of mesench-
ymal cells may be due to a block in the epithelial to mesenchymal
transition or in proliferation of these cells. Alternatively, it may be
a direct effect of the defect observed in Müllerian ridge formation.
The central Müllerian duct canal forms though extension of the
MDE in a cranial to caudal direction. In some cases where DMRT1
knockdown was extensive, a complete cessation of Müllerian duct
caudal extension was observed. These individuals showed normal
duct development up until the region of DMRT1 knockdown.
Caudally from this point no MDE or lumen was present, shown
by a lack in PAX2 expression in tissue where DMRT1 was lost. Since
the knockdown occurs in the MDM this indicates that a proper
MDM is required for Müllerian duct extension. Hence, DMRT1 loss
causes a loss of MDM, blocking the caudal extension of the MDE
and the duct. This role for DMRT1 in the developing Müllerian
ducts contrasts with its role in the gonads. In the mammalian
gonad, DMRT1 is a developmental regulator, involved in the
differentiation and maintenance of testis cell fate. In avian and
other non-mammalian species, DMRT1 is a key early testis deter-
minant (Lambeth et al., 2014; Matsuda et al., 2002; Smith et al.,
2009; Yoshimoto et al., 2008; Zarkower, 2013). In the mouse
gonad, DMRT1 acts as a transcriptional activator or repressor,
depending upon the cellular context, and targets other regulatory
Fig. 6. DMRT1 loss results in a loss of Müllerian ridge and MDM. (A) DMRT1 WISH showing an example of loss of Müllerian ridge tissue in DMRT1 knockdown on the left
(arrow) compared to right un-electroporated tissue (right). Note that DMRT1 levels were the same in both gonads indicating no loss was seen in the gonads when Tol2-sh343
is electroporated, due to speciﬁc targeting of the CE derived interstitial cells. (B) UGS with DMRT1 shRNA construct expressed in the left Müllerian duct (GFP).
(C) Corresponding WNT4 mRNA expression. WNT4 expression was lost in areas of the Müllerian ridge and duct where DMRT1 knockdown was observed. (d) Section of this
UGS showed the loss of WNT4 and a subsequent loss of Müllerian ridge and MDM tissue compared to the right un-electroporated side. (E) Electroporation with a non-
silencing shRNA construct (GFP) had no effect on WNT4 expression (F, g). Embryos are E6.5-E7 (stage HH 30–31).
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factors in the cell. Here, we ﬁnd that DMRT1 plays a role in chicken
Müllerian duct formation, which may be by regulation of cell fate
determination and proliferation. Indeed, DMRT1 could contribute
to EMT. It would be worthwhile examining established markers of
EMT in the DMRT1 knockdown ducts, such as Snail1, Snail2, ZEB1,
ZEB2 and N-cadherin (all up-regulated) and E-cadherin (down-
regulated). We found no evidence that Müllerian duct precursor
cells underwent apoptosis following DMRT1 knockdown (data not
shown). Rather there appeared to be a defect in the formation or
proliferation of these tissues.
This study shows that DMRT1 is required for Müllerian duct
formation in the chicken embryo, yet its exact molecular role in
this tissue remained to be deﬁned. Most of our knowledge
regarding DMRT1 function has come from analysis of transgenic
mouse gonads. DMRT1 encodes a transcription factor with a
conserved DNA-binding motif, the DM domain. In the foetal mouse
gonad, DMRT1 is required in both male and female germ cells. Loss
of DMRT1 in 129 Sv strains can cause highly penetrant testicular
germ cell teratomas where cells proliferate, fail to mitotically
arrest, and engage aberrant somatic differentiation programs
(Krentz et al., 2009). Chromatin immunoprecipitation (ChIP)
studies have shown that DMRT1 can directly bind the Sox2
regulatory region, hence affecting pluripotency genes. Perinatally,
DMRT1 is required for establishing the pool of undifferentiated
spermatogonia and loss of DMRT1 at this stage causes failure of
germ cell proliferation and cell death. Furthermore, Dmrt1 reg-
ulates the meiosis/mitosis decision. DMRT1 antagonises the
meiosis-inducing effects of retinoic acid and acts directly to
repress the Stra8 gene, which is involved in meiosis induction
(Minkina et al., 2014). In the somatic compartment of the gonad,
Dmrt1 plays a role in establishing and maintaining testicular cell
fate. Mouse Sertoli cells develop normally during embryonic life
when Dmrt1 is deleted, but postnatal Sertoli cell differentiation
fails. Cells do not express postnatal markers, such as Gata1, and
later begin to transdifferentiate into female (granulosa) type cells
that express the female marker, Foxl2. The somatic gene expres-
sion programme then switches from male to female. All these
previous studies show that DMRT1 has a profound effect on cell
fate decisions in the developing vertebrate gonad, in a sexually
dimorphic fashion. In contrast, the requirement of DMRT1 in the
chicken Müllerian duct is not sexually dimorphic. Both sexes show
Müllerian duct failure when DMRT1 is knocked down. However, in
the chicken Müllerian duct, DMRT appears to also inﬂuence cell
fate decisions during the formation of the Müllerian ridge and
mesenchyme, perhaps through regulation of the epithelial to
mesenchymal transition that is essential for this process.
Fig. 7. DMRT1 knockdown causes a failure in caudal extension of the duct. (A and B) In many causes the duct failed to extend caudally into the GFP/DMRT knockdown tissue
(arrow head shows the frontier). L¼duct lumen. (C andD) DMRT1 knockdown (marked by GFP) caused a loss of PAX2 mRNA expression. (e) In tissue sections, no MDE was
seen and therefore no PAX2. Some PAX2was still expressed in a reduced Müllerian ridge or MCE, and very little MDMwas present. Compared to the right control, where PAX2
was strongly expressed in the MDE. PAX2 was also still present in the underlying WD in both sides. (F–h) No change in PAX2 expression was observed when pT2-non-
silencing shRNA controls were used. Embryos are E6.5-E7 (stage HH 30–31).
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The direct targets of DMRT1 in developing Müllerian ducts
remain to be elucidated. DMRT1 ChIP studies in juvenile mouse
testes revealed associations with over 1400 genes from a number
of diverse pathways, including cell cycle, FGF and IGF signalling,
and HOX family members (Murphy et al., 2010). DMRT1 binds to
chromatin near the Wnt4 locus, and is proposed to directly
negatively regulate Wnt4 expression in the mouse testis (Matson
et al., 2011). Here we show thatWNT4 is co-expressed with DMRT1
in the chicken Müllerian ridge and MDM, and that WNT4 may
operate downstream of DMRT1 during duct formation, since its
expression is lost following DMRT1 knockdown. WNT4 signalling
is critical to the proper formation of the duct, at least in mouse,
and the regulatory relationship between DMRT1 and WNT4 is
likely to be positive rather than negative, as suggested for mouse
gonads. Indeed, DMRT1 can act as a transcriptional repressor or
activator (Murphy et al., 2010, 2007). It would be interesting to
further investigate the relationship between DMRT1 and LIM1,
PAX2 and WNT4 through promoter or enhancer analysis.
In summary, this study shows that DMRT1 is expressed in
embryonic chicken Müllerian ducts of both sexes, where it is
required for normal duct development. This is the ﬁrst description
of a role for DMRT1 outside the embryonic gonads. We propose
that DMRT1 is required for the proper formation of the Müllerian
ridge and for speciﬁcation of the MDM, itself needed for caudal
extension of the duct. Furthermore, this study describes the novel
use of a robust in vivo electroporation method using the Tol2
transposable element and RNAi to rapidly assess the function of
gene implicated in morphogenesis of the Müllerian ducts.
Materials and methods
Embryos
Chicken (Gallus gallus domesticus) fertile eggs (SPF) were
obtained from CSIRO, Werribee and incubated under humid
conditions at 37.8 1C. Embryos were harvested at various days
throughout development and staged according to the morpholo-
gical criteria of Hamburger and Hamilton (1951). The urogenital
systems including the mesonephric kidneys, gonads and Müllerian
duct were dissected out in PBS and ﬁxed for either WISH or
immunoﬂuorescence. For sexing, a small piece of limb tissue was
digested in PCR compatible buffer containing proteinase K
(200 μg/ml at 50 1C for at least 30 min), followed by rapid PCR
ampliﬁcation of the sex-linked, female-speciﬁc Xho1 sequence.
Ampliﬁcation of 18S ribosomal RNA genomic sequence was used
as the internal control in a duplex reaction, according to the
method of Clinton et al. (2001). If GFP was present, embryos were
photographed under UV light and bright ﬁeld prior to ﬁxing.
Whole-mount in situ hybridisation
For WISH, mRNA was cloned into pGEM T Easy vector (Pro-
mega), sequenced to conﬁrm identity and used as template for
riboprobe synthesis. For PAX2 the primers For_CCTCCATATTG-
TACCTGTCT and Rev_GTTGTGGGTGTGAGTGAG were used to
amplify a 584 bp region of the 30UTR. For WNT4 the entire ORF
was cloned using primers For_TCCAGGATGAGCCCGGAGTATTTC
and Rev_AATCCACACGTGCCGGTGATGCAC. For DMRT1 we used a
riboprobe previously described (Smith et al., 1999). In situ hybri-
disation was performed as described previously (Andrews et al.,
1997). Brieﬂy, urogenital systems were dissected from embryos at
E4.0, 5.5 and 6.5, 8.5 and E9.5. Tissues were ﬁxed overnight at 4 1C
in 4% paraformaldehyde and processed for in situ hybridisation
with a digoxigenin (DIG)-labelled antisense riboprobe. For nega-
tive controls, a DIG-labelled sense riboprobes was generated.
Alkaline phosphatase conjugated Anti-DIG antibodies were used,
and detected with the BCIP/NBT chromagen. Both sense and
antisense probes were initially tested for all genes. Staining was
only observed with antisense probes, and not in the sense controls
(data not shown). Following WISH, specimens were photographed
again under bright ﬁeld and were then over-stained before being
imbedded in OCT for cryosectioning (sections were cut at 10, 14
and 18 μm). Staining was analysed by photography under bright
ﬁeld and photos taken of sections using 5 and 20 lenses. For
analysis of DMRT1 knockdown, embryos were harvested at HH
29–30 (E 6.0-6.5), and immediately photographed under bright
ﬁeld and UV light (GFP). Specimens were then processed for WISH
as above.
Immunostaining
Urogenital tissues were dissected from chicken embryos and
brieﬂy ﬁxed for 15 min in 4% paraformaldehyde/PBS at room
temperature. Tissues were then cryoprotected by immersion in
30% sucrose/PBS (overnight at 4 1C), embedded in OCT compound.
Frozen sections (10 um) were adhered to slides and treated as
previously described (Smith et al., 2008). Primary antibodies were
anti-cDMRT1, raised and puriﬁed in house (diluted 1:3000), mouse
anti-β-catenin (Sigma; 1 in 10,000), mouse anti-chicken Fibronec-
tin (raised in house; 1:500). Secondary antibodies were AlexFluor
488 donkey anti-rabbit IgG, 1:1000, and AlexaFluor 594 donkey
anti-mouse IgG, at 1:1500 from Invitrogen. Sections were mounted
in Fluorosave (Calbio chem.). Images were taken on a Zeiss
Axiovision M1.
Tol2 construct design and electroporation, and analysis of pT2.sh343
delivery
The Tol2 system was used to integrate the DMRT1 knockdown
shRNA construct into the genome of electroporated cells in the
chicken embryos (Kawakami, 2007; Sato et al., 2007). The Tol2
DMRT1 knockdown plasmid (pT2.CAGGS.GFP.U6.sh343) was con-
structed utilising the sh343 hairpin designed in Smith et al.
(2009). Electroporation was performed as previously described
(Lambeth et al., 2014) on E2.5 (HH stage 14–17) embryos. The
efﬁciency of DMRT1 knockdown by pT2.sh343 was tested for
in vitro by co-transfection of the plasmid with pCMV.DMRT1 in
DF1 ﬁbroblastic chicken cells according to the Lipofectamine 2000
protocol (Life technologies).
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